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Siniikiry: 

Using a variety of nan-vacuun deposition techniques ooatings have been 
inplonented on silicon solar cells and arrays of cells interconnected on 
Kapton subtttrates. The ooatings provide both aritiref lection optical 
nutching and enviromental protection. 

Reflectance minine near 2% have oeen achieved at a single wavelength in 
the visible. Reflect^lnoc averaging below 5% across the useful collection 
range has been demonstrated. The ooatings and methods of deposition were: 

Ta 205 spun, dipped or sprayed 

Ta 2 ^*SiC >2 spun, dip|»d or sprayed 

GR908 (Si02) spun, dipped or sprayed 

Tbtal coating thicknesses were in the range of 18uin to 25um. 

The coatings and processes eure ocnpatible with single cells or cells 
mounted on Kapton substrates. 
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NASV702466 

Evdluation of Glaaa Heain Cbatinqs for Solar ObII Applioationa 
inncoucTioN 

Ttie work r^xurtud below was designed to investigate the use of non- 
vacuun techniques to deposit active optical flljos on silicon iiolar cells euid 
modules. An active optical film is one which interacts %id.th incident optical 
radiation in a de8ir^d^le fashion. These films are used to reflect, tranmnit 
or filter light. A further purpose is to provide protection to the substrate 
fran heat, moisture and mechanical cd>reision. The major iny^tus ^or researcdi 
of this type is eooncmic, although enhanced performance is desirable as %«ell. 

Present methods of protecting/enhancing silioon sol^u: cells require 
vacuun-deposited films, cover glasses, or encapsulation. Vacuun deposition 
is expensive, cover glasses are bulky and mecheuiically difficult to handle, 
and encapsulation is not eeisily adaptable to modules or large areas. The 
advantages of non-vacuun coating with liquids are several-fold t 

1) Rapidity of coating. There is no delay in pimping or loading. 

2) Uhiformity of neterial. Liquids are solutions. If properly 
mixed they eure homogeneous definition. 

3) Flexibility of (xmposition. With a proper choice of steurting 
materials oempoeition (emd ultimate physical property, say index 
of refraction) is infinitely veuriable. 

4) Potentially better film structure. Veuoun ooatings involve highly 
energetic atoms or ions condensing on cold substrates. 

Unless done very slowly, thin films eune always non-uniform and 
stressed to seme extent. 

5) Cost. As pointed out below, both equipment cost euid material cost 
are relatively low for liquid coating. 

6) Uniqueness of fomulation. There are materials available as 
liquids vdiich do not exist in forms suitable for vacuun deposition, 
prijiarily polymers. 

Some effort was given to investigating a novel method of producing mcno- 
crystalline OdS on silioon substrates for the purpose of exploiting the 
combined efficiency of the two semiconductors. T^ results detailed below 
were less than successful. 

Finally, a Icirge portion of the time was spent in testing the films 
£md naterials produced. In view of the long, successful history of v 2 K:uiin- 
deposited optical films it was inportant to check our progress at ea^h step 
of the way. It's safe to say that much more testing remains to be daie. 
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Mtteridlu 1 

Itus aocttnn doacribus Gldsa Resins in general, the modifications 
attaiptud, and the final multi-layer, non-vacuun film system adapted. 

Glass ^»sin a 

**Glass Resin** is a term used by Owens-Illinois, Inc. to describe a 
family of polymers whose structure consists of alterraiting silicon 
oxygen bonds. Ihe polymers can be classed generally as silicones. 
Ihese thermo-setting polymers can be cured to clear, hard end pro- 
ducts without fillers or catalysts, 'hable I suimarizes the general 
properties of Type 650 Glass Resin polymer. This material contains 
more than ei<)hty per cent silicon and oxygen. 


TABl£ I 


GIASS RESIN GENERAL PROPOTTIES 



SPECIFIC GRAVITY 

1.3 


FI^MABILITY 

NGNFIA^f1ABLE 


•raWSILE STRQCTO, P3I 

3,500 


ELONGATION, PERCE^/T 

APPROX. ZERO 

PHYSICAL 

COMPRESSIVE STREKTIh, PSI 

30,000 

PROPERTIES 

FUDCURAL STTCNGTH, PSI 
MOOULUS OF ELASTICITY 

5,000 


PIZXURAL, PSI 
IMPACT STRENGTH, IZOD 

200,000 


(FT. I£./IN. NOTCH) 
HARDNESS, ROCKWELL R SCAIf 

.03 


(1/4** THICK SAM»I£) 

120-140 



DIEIECTRIC STRENGTH; (50MIL 



SAMPEL) SHORT TIME (VOLTS/MiL) 

900 


DIEIECTRIC OONSTAr/T: 60 CYCLES 

4.1 

ELECTRICAL 

10^ CYCIES 

3.2 ! 

PROPERTIES 

DISSIPATION FACTOR: 60 CYCIES 

30 X 10"4 


106 CYCIES 

70 X 10"4 1 


ARC RESIST!ANCE: (SECONDS) 

130-195 


VOLLWE RESISTIVrrY: (OM-OI' 



25PC 

1 X 1014 


75QC 

2 X 10l6 


THERMAL 

COEFFICIEJ/T OF LINEAR EXPANSION 
(0-300QC) (IN./IN./^C) 

— 
13 X 10"5 

PROPERTIES 

THERMAL OO’^DUCTTVITY; 

(bth/ft2/hr/of/in. ) 



1.0 


(CAVCm2/SEC/OC/01 

3.4 X 10-4 
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1 


i^in ooatinqs offer exoeptiondl trananiasion in the ultra-violet portion 
of the optical spoctnin. Table II exhibits the optical propertien.’ of the 
material type 650. 


ThBl£ II OPTICAL PROPERTIES 


TYPE 650 

nD20,i.42 

HAVE 

PBC»rr 

L£H7iH 

TRANSUTTS) 

3600 to 7000 A 

85-95 

3000 A 

70 

2300 A 

60 

1950 A 

0.1 


ULTRA-VIOUT LIGHT EXPOSURE: NO VISIBIE CHANGE AFTBt 500 HOURS EXPOSURE 

8 INCHES FROM A 400 WATT ULTHA-VICOOT SOURCE IN AIR (OUTPUT, 3000 to 4000 
ANGSTPOHS) . Accelerated testing at the Desert Sunshine Exposure Test Oenter 
aonfirms the excellent stability of Glass Resin Polymer coatings. 

Table III Radiation Exposure Data 

RADIATION EXPOSURE TO OQBALT-60 SOURCE: APTB) A TOTAL GAM4A RADIATION OP FIVE 

FCCARADS AT A RATE OP 3X10 ^ RADS/HOUR, THE SAM>1£S BBOCME SUOfTLY PINK 
RESISTANCE IN OOLOR. THIS PINK OOLOR IS NOT PERMANSfr. TRANSPARQCY WSS UNAFFBCTQ). 

EXPOSURE TO ENRICHES URANIIM SOURCE: AFTBt A TOTAL RADIATION OP TPN 

MBGARAD6 AT A THERMAL NEUIEON IXNSm OP 8X1012 NEUTRONS/CM^/SBOONDS'^, 
THE SAMPIES BBCGHE SLIGhTLY PINK IN OOLOR. THIS VBtS ONLY A TBVORARY 
EFFECT. 
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Generali/ spaakinq, coutini|s of *IVP^* ^^0 Glass ML>sin polymer at or abcn/e 
twenty-five microns (25 »iro) thick on metal are severely stressed. Glass 
I^sin IVpe 100 sliares the same eaccellent properties of IVpe 650 as shown 
in Tables I and III, but is more flexible and thus allows hiqher thick- 
nesses to be applied. IVpe iOO is less treinsparent in the ultra-violet 
reqion, however, and has a larger refractive index as shown in Table IV. 


TABlii IV. OPTICAL PRQPEPTIES OF GRIOO 



Type 100 Glass Resin polymer contains slightly more than 60 percent silicon 
and oxygen. 

Type 650H is a polyester-modified resin with increased flexibility over the 
base type 650. Ibis flexibility is purchased at the expense of a slight de- 
crease in optical tranamittanoe in the ultra-violet region. Accelerated test- 
ing at the Desert Sunshine Exposure Test Center has shown no significant 
degradation is expected due to this loss of traivanittance. 

Sane formulations of Glass Resins have been space-qualified. For inforn»tion 
please see 

-Combined Space Qivirormrjnt Effects on TVpi^cal Spacecraft Window ftaterials. 
Final Report, Contract NAS9-2939 Avco Gonx^ration, Tulsa Division, July, 

1965. 

-IITOI Report C6027-16 for Jet Propulsion Laboratories, Stable White Coatings, 
June 30, 1965. 

-IITRI' U5002-73 George C. Marshall Space Flight Center, Development of Space- 
stable themw 1-control Coatings, Janu£ury 31, 1969. 
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A third nonter of the Glass Resin family is Type 908. IVpc contains in 
excess of fifty percent silicon and oxygen. It has excellent coating pro- 
perties and is as flexible as Type 100. Type 908M, polyester-modi tied, is 
even more flexible. 

Glass resins are available in flake or B-stage. the flake is readily soluble 

in a ntnber of org^uuc media. The general procedure for using Glass Resin 

is to dissolve the flake in a solvent appropriate for the particular coating J 

method at a known solids level. The solids level, solvent properties, and 

coating method determine the resultant film thickness. After coating the ^ 

substrates are dried (solvent raooval) and exposed to high tenperature for v 

further curing. Curing is a matter of time and tesperature. Satisf^x:tory I 

cure is adjudged by resistance to gentle abrasion with a ex^tone-saturated t 

cloth or paper towel. Curing tesperatures of 150^ to 130^ for Type 100 

and Type 650 for twenty to forty nunutes are generally sufficient at anil 

film thicknesses. Thicker films require more careful drying and a longer 

cure time. Type 908 requires tesperatures of at least 180QC for satisfextory 

curing. 

Type 650 or 650M v«ere not suitable for use on silicon, particularly solar 
cells with netal grids. At any thickness edxTve 6 to 8um (cured) the coatings 
cracked (kiring curing. No oonbination of nuirioer of coatings or cure cycle would 
alleviate this problem. Type 650 may be oonbined with an acid for greater flex- 
ibility. This was not atteopted. 

Type 100 is probably the most flexible umodified Glass Resin. Films could be 
produced on grid-metallized silicon at thicknesses of 14 to 16um. If it %«is attempted 
to deposit the csntire thickness in one or two passes, microcracks were noticed 
during or after curing. Sone semples in the 13um to 14m also failed during 
hunidity/teaperature testing (see Tasting) . 

^ype 908 or 908M can be deposited on silicon solar cells to thidcnesaes cf 
at least 25m without any signs of cracking. The coatings nust be carefully 
^plied in thicknesses of 8m or; less, drying but not curing between each 
coat, and cured slowly for about two hours at 2200c to 230%. Films of ip 
to 35m in thickness have been produced this way «dth no observable delamina- 
ticns or cracks. Sane sanples with films of Type 908 above 20m thick have 
failed in hmidity/tenperature cycling, hoMever. C lose observation of the 
senples indicated physical defects (pinholes) in the film were responsible. 

The above results indicated that thicknesses of 20m to 25m with Type 908 
were quite feasible. Glass Resin films alone on silicon are not par^cularly 
interesting, however, as the optical index of refraction i>p=1.42 offers little 
aid in reducing the large reflection loss of silicon. Modifications to the 
resins would possibly inpiove the thermal expansion and optical match. 


a 


-7- 


Modif ications to Glass Resin Polymers 

In solution Glass Resins consist of randan groups of silicon, oxygen and 
organii molecules. It should be rather easy to introduce limited amounts 
of liquid metal lo-organic materials which could be incorporated into the 
polyme’' lattice during curing. By choosing naterials similar to silicon 
it was loped that even if direct substitution did not occur, the structure 
would be disturbed only slightly. 

Ions chosen for trial were Ti (TiO.;:n=2.2) , A1 (AlzOj :*'*=!. 6) , OeOj and 
Mg^Al^O^. TYie latter two coipounds were laupgely for the purpose of thermal 
expansion coefficient modification. In each case the folloiAng procedure 
was used: Glass Resin flake, either Type 100 or IVpe 908 ves mixed with 

isopropanol to a total solids content of 25%. Appr^riate amounts of the 
metal lo OAianlc solutions were mixed to yield the following metal ion ratios: 

99 Si: 1 M 
95 Si: 5 M 
90 Si:10 M 
80 Si:20 H 
75 Si:25 M 

For Ng. A1..0, tliC ratios were Siuz: Mg^Al^O*. Films of each material were 
obtained by dropping known amounts on a gleuss substrate ginning at a 
fixed speed. The solvents were ronoved by drying at 100^ for 15 minutes 
under a heat lanp. The samples viere then baked at 1509c to 230^ for one 
hour and subsequently examined. Preliminary examination oonsistad of 
visual observation %dth a microscope, test for adhesion by abrasion, and 
solvent solubility with acetone ijimersion. 

Al^O, and Ng^Al^O. were rejected by a) the solutions, they precipitated 
ijimediately y b) the polymerized resin. Staall «dute agglonerates were 
apparent in the cured resin films at every ration above 99Si: 1 A1 or 

99SiO^: 1 Mg^Al^O,. The Al^O, %es apparently very hygroscopic as the 

anall vdiite particles were tentatively identified as aliminun hydrate. 

The aikill amount of alisnina in the lowest ratio sanples appeared to have 
no detectible effect on physical properties. 

Samples %dth C3eO^ were rejected for low trananission or non-ooipatibility. 

The optical trananission dropped below 95% abo^ the 1 Oe level. At the 
1 Ce level no detectable increase in film flexibility was observed when 
deposited on silicon. 

Ti acted much the same as A1 %dth the exertion that to 10 Ti could 
be included in the cured film. The index of these films (90Si:10Ti) was 
slightly higher than 1.49, nearly 1.55. No increase in flexibility was 
apparent. 

The ckbove trials, as noted, %«ere at low tenperatures as they were aimed at 
modifying the polymer. A parallel set of experiments vias oonpleted to 
evaluate TiO? and solutions of TlOa * Si02 alone as optical films on siliocn. 
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Ttiese are described below. 

It was concbjded that little or no modification in the thermal expansion 
coefficient or refractive index of Glass Resins oould be ef feinted by sub 
stituting Ti, Al, or Ce for Si. The only attarpt to sutetitute for SiO, 

(with l^^.\l?0^) WB8 also fruitless The oolyester-modified Glass Resins 
do shc 3 w a substantial increase in flexibility. Also hoaever, the penalty 
for better flexibility was a decrease in the ultraviolet cptical trananission 
and, possibly, stability in high UV- intensity onviroiinents . 

Multi layer non-vacuun Films 

Silicxxi solar cells require an ^ulti -reflective la;^sr on their front sur- 
face to achieve resonable efficiencies. Figure 1 shcfArs the reflection 
f^'cm a bare, polished silicon surface. Some portion of the thirty-seven 
pr,‘rcent o; leflected radiation can be recovered. A single layer with 
cin optical thickness of one-qiuurter wave length can, in principle, pro- 
vide an exact natch (zero reflectance) ^t one %«ave length. It requires 
a multi-layer filter to obtain a low reflectance at several wave lengths. 
Ideally the optical response would be as shown schenetically in figure 2. 




FIGURE 2. Ideal spectral response of coated silicon. 

Ihe aim of this work was to achieve botl t antireflection euxi ptiysical 
protection (hunidity, abrasion, etc.) %irith a miniiiun minber of 'active' 
films. The Glass Resin coatings ««xild be inoorporated into the optic^d 
design as the last layer or layers and provide the bulk of the environ- 
mental protection. Figure 3 illustrates the theoretical optical 
response it was thought possible to £Kohieve %n.th a three-la^r or four- 
coating. 

The first experiments were performed with roetallo-organic (HDD) solutions 
designed to yield TiOp after pyrolysis. The general procedure was to coat 
the sanples, glass or silicon, witli the MOD solution, dry under a heat 
lamp to remove the solvent and fire the sanples in a continuous belt, 
air atsnosphere furruxse. TiO? films eare easily produced on clean glass 
and silicon at temperatures ^lbove 300^. Figure 4 shows the effect of 
temperature on optical trananission for TiOj films on gl£iss. Notice 
that the peak tr^manission decreases the films are fired at increasing 
tenperature. This is interpreted as being the result of both film densi- 
fication and an increase in the degree of oxidation. As the film oxidizes 
more coipletely the stoichionetry more neeurly approaches TiO^ emd the 
refractive index increases. The TiO; films are hard, transparent and 
apparently pinhole-free. The refractive index approaches that of dense 
TIO,. As shown in Figure 5 the TiO^ films in the proper thickness can 
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provide an excellent match to silicon at a single wavelength. 

To obtain a graded-index optical filter it was necessary to produce 
films with refractive indices between TiOj (n=2.2) ard SiOj (n=1.42) . 

Ihe simplest approach was sinply to manufacture or prepare solutions 
containing TiOj and Si 02 in veurious proportions. Ihis was done artd 
the results are shown in Figure 6. The solutions are nutually soluble 
euid apparently one can prepare an infinite series between the two end 
members. Figure 7 shows a combination anti-reflective/protective film 
on silicon. The spun coatings were 

Material Firing Tatper^ture 

TiOz 350^ 

80 TiOj*20SiO2 3SQPc 

Glass Resin (3 layers) 230°d 

Total film thickness was 18gm. Films similar to this have undergone 
extensive ultraviolet exposure moisture penetration, theznal shock emd 
flexibility testing without any a^apaurent deleterious effects (see testing, 
below) . 

Although the response of the TiOz -based filters is quite good, there are 
materials vMch are better. The prime reason for considering a different 
filter is to obtain a better response near the uv bandedge, The oenpound 
TajOs hss a large refractive index and is transparent to lower wave lengths 
ill the uv than TiOz . Figure 8 exhibits the uv transmission of TiOz and 
TajOs films derived from MX solutions. Proceeding ais above, the correct 
cenpositions were chosen to achieve the best optical matching and perform- 
cUice. The optiital system, on averavge, was cis follows. 

TazOs 300J: 

75 TazOs -25SiOz 300°C 

Glass Resin 908 (3 to 7 layers) 230 C 

Film thicknesses from 18vim to 28um are easily achieved by multiple applica- 
tions of Glass Resin 908. 
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Sanple Preparation 


Propor procedure for coating substrates requires a nmber of operations: 
cleaning, solution preparation, deposition, drying, pyrolysis/cure, test- 
ing, and quality control. Each st^ is inportant and requires ceure. It 
is the intent here to share our experience in coating wi^ the reader. 

No claim is nede that this is the optimal technique, but it h£i8 been 
successfully used for thousands of sanples. Ihe instructions are general 
in the sense that all substrates nust be cleaned, solutions measured, etc. , 
but specific to eintiref lection coatings on glass eind silicon with Ta 205 
solutions and the deposition method used. 

Cleaning 

The purpose of cleaning is to remove any organic oontaminant from the 
surface £uid, in the case of silicon, to remove thermal oxide. The follow- 
ing procedure must be carefully followed. 

1. Prepare cleaning solutions: 

a. Non-phosp^iate detergent in hot deionized water. Aloonox works 
well. Water tenperaturo about 55%. 

b. Deionized water rinse at 

c. Nitric or chromic acid. Thirty percent acid by volume. 

d. Deicxiized water rinse at 20%. 

e. Hydrofluoric acid. Three percent by volume. 

f. Deicnized water rinse at 20%. 

g. Electronic grade ethyl or isopropyl alcxhol. 

The sanples, glass or siiicxxi, are immersed in the above solutions b 
hru g after manual or automatic scrubbing in detergent. Do not use 
an ultrasonic cleaner. St^s e and f can be emitted for glass. In the 
case of silieexi, leave the c%lls ininersed under the alcxhol until immedi- 
ately before cx)ating. 

Air dry with filtered 2 dr. 

Glass surfaces cune deem when deionized water poured C3n the surface flows 
off uniformly ..rom every portion of the area. Electronic grade alcxhol 
is water free amd tends to have the least alJcali and tramsition metal ion 
cxxitamination. 

Solution Preparation 

We discuss here three soluticxis: Ta.Oe, Ta^Oe'SiO,, cmd GR908 all in 

alcohol solvents. 

The Ta20g solutions are prepared to yield T32^5 cm a weight basis. A 
cxmvenient formula to use, for example, is 46 gram of temtalun ethoxide 
in 454 gram of isoprcapemol. This yields 5% Ta 2 ® 5 * *^®2^5 

cem also be prepaid with tantalum chloride, TS which^is soluble 
in eibsolute alcxhol. These solutions tend to age: bottle life is abcxit 

three months at room terperature. A strong ac»tic acid smell is the hint 
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tlvtt the nuteridl is no longer to be trusted. 

Partial ly-hydrolzeo tetraethyl silicate is nutuolly soluble with 
tantalim ethoxide and isopropanol. As nentioned in the text, the 
second layer is not particularly critical as to thickness but the 
refractive index should be correct. We've found that a five per 
cent solution of 75 Ta20^25 Si02 by weight %#orks %«11. 

Glass Resin is available as a B stage polymer in flake fcrm. Gne 
siit|)ly dissolves the desired anxxint in a solvent to obtain the 
solids content desired. A five percent solution in isopropanol 
works well for multiple f^in coats; a twenty-five percent solution 
in 4 parts alcohol, 1 part xylene, seems to spray quite nicely. 

Deposition 

As an exanple of filter manufacture the deposition of Ta 205 
and Ta20^*Si02 by spinning and GR908 by spraying is explained. 

The cell or module is placed on the spinner head and the vacuim 
chuck engaged. A drop of Tb 205 in isopropyl alcohol is placed 
on the center of the substrate. Drop size is roughly 0.05 m£ to 
0.10 m£. The drive is activated which brings the module to 1500 
rpm within one half second and maintains the speed for five seconds. 
Deceleration is also controlled. An edtemate method is to place 
the drop on the spinning substrate. 

The substrate is renoved, dryed and fired. Ta20^*Si02 coating is 
applied in a similar fashion. 

Glass Resin 906 is mixed at a 25% solids basis in 4 alcohol ; 1 xylene 
and placed in a container for spraying. A non-pressurized spray is 
used. Single, uniform light coats eure ^;plied to a siisstrate which is 
held vertically or nearly so. The coating is dryed at 110*^ for 
5 minutes and another layer apolied. This is repeated as required. 

Do not overdry the gleiss resin coatings as once cured the resin acts 
lUce a silicone and will not accept further coating. 

Drying 

Drying is a non-critical, solvent-removal step. At Pemtek an infreu^d 
lanp ten incdies £dx>ve the substrate allows em even heating to llO^C. 
About ten to fifteen minutes is sufficient. 

Pyrolysis/Cure 

The tantala-containing materiads must be pyrolyzed at 300^ or above 
to develop the necessary density. Below 300% the refractive index 
is lower than 2.08, an indication that the films are net ocmpletely 
dense. A suitable cycle is an endless belt furnace which allows 
five to six minutes dwell at 300®^* Tiro ^u^d terperature ame infx>rtant; 
within limits, the hotter the better. Firing below 300% and for less 
thain five minutes is not reconmended. 


Curing glass resins is a combined solvent removal amd cross-linking 


-19- 


ofAiratiGn. 'flu: larger thu nunber of discrete, sinqie- layer films, the 
lonqer the cure cycle. For GR908, 200*^ for thirty minutes per layer 
of 5 urn is required. 

Ttestinq 

IV'stinq tliese films during and after processing is crucial for performanoe 
control. Aside fran quality control, pinholes, etc., the key parameter 
is optical thickness defined as the product of physical thickness and refrac- 
tive index at a particular wavelength. The best measurement technique 
wtxild be to usea reflectoneter between each coating layer deposition. 

A ref lectcxneter will yield a plot of reflectance versus wavelength. For 

the single Ta 2 C >5 layer the plot should show a miniirtm at _ * nd, where 

4 

A is the optical wavelength n the optical refractive index and d the 
coating thickness. If n is known, X is measured cind d c^u^l be deduced. 

An ontical index of n = 2.02 to n « 2.08 is produced with Ta20^ deposited 
as above. 

After a time tlie eye becomes a qcod judge of thickness by noting the hue 
of the coating. Note that the eye detects the sun of white light minus 
the color at which L » nd. Also note that dried films will not yield 

4 

the proper hue as the film contracts during firing and the index increases. 

The second layer, Ta20c SiC> 2 » on top of Ta 2 ^ yields a reflectoneter plot 
which exhibits a bron^naximun nearly centered in the visible portion of 
the spectrun. 

The final coating or coatings of GR908 should yield a film which appears 
light blue to the eye and has a spectrun similar to Figure ?. 

Thr minimun reflectance should be 3% nr less. 

CXality Control 

Aside fron the purely functional parameter of reflectance, the films 
must be pinhole-free and optically transparent. Pinholes or cracks 
can usually be detected visually with a low-power ndcrosoope euxl reflected 
light. 

An excellent quality control check is to generate I-V curves under a 
calibrated light source. If the light source is constant in time, the 
short-circuit current (at a constant tenperature) is measure of coating 
gain or reflectance. 

Kiscellctneous 

A short mention of masks should be included. Tb keep the coating from 
covering metallized leads they should be protected with a maskant. The 
itaskant must prevent coating but be itself easily removed. Pantek uses 
tape for Icurge ocxitacts and a slurry of baking soda in water for anall 
areas. The baking soda is strong enough ^ifter drying to with stand 
spinning but weak enough after pyrolysis to be rinsed away. 
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Deposition Methods 

Liquids £ire relatively easy to deposit on substrates. Methods in 
o onroon use today by industries such as electronics and automotive 
manufacture cure capable of excellent uniformity and r^aroducibility. 
Low viscosity liquids such as we are concerned with here cem be 
painted, dipp^, sprayed or dropped on rotating substrates. Each 
technique has particular advantages and disadvamtages. 

Dipfunq 

A considerable amount of time and effort has been expended by elec- 
tronics industry equipment suppliers in the design and oonstniction 
of oontrolled-withdrawal dip coaters. Ihis equipment is used by 
many firms to coat printed circuit board laminates with mediim and 
low viscosity solutions. The procedure is as follows: a substrate 

is lowered into a tank of the coating solution at a rather rapid 
rate. It reneins stationciry for a period of time and is then with- 
drawn at a slow, constant rate. Coating thickness is a fxjnction of 
solution viscosity and withdrawal rate and can be remarkably pre- 
dictable and reproducible. An adv^untage of this technique is the 
easo with which Icupge areas can be coated. Another benefit is the 
relative solution uscige efficiency: what is not deposited on the 

substrate drains back into the dip tank for reuse. Obviously the 
licquid either canrxjt be highly volatile or must be carefully monitored 
for solution solids exxitent and viscosity. 

A disckdvcintage of dipping is the lack of discrimination: both sides 

and the entire area will be exsated unless masked. Masking involves 
the choice of a icn-oontaminating material ocmpatible with the sub- 
sequent processing steps which can be easily eind convletely remcn/ed. 
There cure a number of ocnmercial resist materials vhicdi appecur to 
meet these requirements. Another problem with dipping is the for- 
mation of a thick meniscus on the Icwer edge. If the soluticxi is 
viscxxjs the lower edge can build to a thickness several times 
that of the top or center. 

Pantek uses dipping extensively on surfaces of revolution (tubes, 
primarily) and large area samples. The choice of solvents is 
reascxiably critical for this procsess €md is a exmpromise between 
drying speed, (too fast can cause thickness variations) , and vis- 
esDsity. 

Spraying 

Many lic^uids are sprayed with automatic or sani-autcmatic eejuip- 
ment in industry. The technic]ue is allied to relatively thin, 
fracticxial micron thicknesses as well ais films several thousandths 
of an inch thicdc. Methods of air emd liejuid mixing have been devel- 
oped which allcw the use of liquids over a wide range of viscx>sity. 
Spraying is (guide and (convenient for snail and large areas. There 
are several disadvant£ige8 to spraying: 
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1. Spraying is wasteful. In most cases the over-spray is 
not recoverable. 

2. It is difficult to achieve uniformity, both in thick- 
ness and co/eraqe. 

3. Solvent/diluent properties are critical. 

In spite of these problems, spray-coating is well-suited to relatively 
thick films and large areas. 

^in-Ooating 

This method involves rotating the substrate at a relatively high 
rate of speed and dropping oontrolled anounts of solution on the 
surface. Used primarily for applying thin coatings of photoresist 
in the electronics industry, it is an excellent technique for 
relatively anall areas. Coating thickness is control 1^ by vary- 
ing the rate of rotation and solution coifiosition. 

The main disadvantage to spinning is the formation of a thicker 
film at the substrate edge due to surface tension holding liquid 
on the edge. For a typical Pantek of 6009, the 

very edge can mscisure as much as 670?. Within limits this effect 
can be minimized by proper solvent c^ioe. Solvaits %d.th very low 
viscosities also have low surfeice tension. 

Control of Properties 


Below is a chart which oonpares the various coating techniques and 
estimates the degree of control possible for the properties of thick- 
r.»ss cind uniformity. 


ME7IHX) 

FILM 

THICKNESS 

PLUS OR 

HOW 

ACHIEVED 

SIZE 

UNIPOFMm 

HOW 

ACHIEVED DISTHIBUTIGN 

Dipping 

o 

o 

20J^ 

Solvent 

Addition 

lOOin. 

+5°A per 
inch 

Solvent Bottom 

Boiling Thickest 

point/with 
drawal Rate 

Spraying 

Sum 

.OSum 

Solids 

Content 

lOin? 

+ O.bflD 
per sub- 
strate 

Solvent type/ Vauriable 
substrate travel 
rate 

Spinning 

600 a 

10? 

Solids 
Content 
Rotation 
Rate fc 
Time 

lOin? 

inch 

Rotation speed. Edges 
solvent vis- Thickest 

oosity 


This chart is helpful only as a guide to what is possible 
for the particular set of materials used in this work and 
represents the best achievable. 
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FilfllB 

This aecticm discusses flints in general, the basic questions of 
uniformity and stress, and in particular the graded- index system 
of Ta205, Ta205, • Si02 and Si02. 

Stress 

Large internal stresses £ure known to develop in thin films during 
their growth. Ibe presence of such stress at the interface thin 
film 6 semi-conductor has a considpxable effect on its mechanical 
properties, electron-transport mechanians, magnetic, opticed proper- 
ties, etc. 

Ihe evaluation of such stress is inportant because thin films have 
unusually high tensile strength, which is related to their structure, 
growth, & the hi^ density of defects built ip> during their deposi- 
tion which appear principally as dislocations. Various methods nay 
be used to perform meeisuranents either mechanically, thermally, 
optically, electrically etc. 

The bending measurement Is the most oa nro ni i method in the mechanical 
approaches to stress evaluation. If a film adheres strongly to its 
substrate, sudi ocnbination will bend because o^ "t''^*sses in the film 
e.g. if the film length tends to oontract but is restrained by the 
substrate, the film is in a state of tension, or, if the film tends 
to expand, it vdll be in a state of ocnpression by the substrate. 
Ccnpression or expansion is either measured by the cantilever luethod 
or the deflection inethod.In the first case the substrate is clanped 
at one end & in the second it rest on knife edges . In either case 
the defleoticn can be measured in a variety of %#ays, mechanically 
%d.th a stylus, or any electrcmechanical approaches, magnetic, optic, 
ccpacitive etc. 

The deflection a of a bending plate '' ' used to express a stress 

P in equilibriixn with a strain 

P » a Eg 

3L^t (1-Yg) 

Where S & P are suffixes for substrate i film respectively 


/ 1 + % t \ 

\ ED 
s 


(1 


E Young modulus 

D, t thicknesses of substrate & film respectively 
L face length of substrate 
Y Poisson's ratio 

For a very tiiin d^xxsit t << D ( 1 ) sisplifies to (2 


P- 



6 rt (1-Yg) 
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Where r is tiie rc^ius of curvature of the bent substrate. If the 
film is anisotropic the displacement U 2 perpendicular to the iso- 
tropic substrate plane of (x, y) 


a- » 3 (Sy - ySv) 




x2 + 3(Sy - ySx) y 2 
E, t2 


Sx ii Sy are the stress oenponents along x 4. y direction. ItYe 
bending plate or cantilever measures directly the force St = F 
Differences in thermal expansion between film k substrate can 
be expressed as a function of the thermal ooefficient of expansion, 
i.e. the strain is. 


^th ^ ^ (T)dt 


Sth = (1*8 - dp) Ep DT 

D 0 ^r 2 -Tj^, and the same renarks apply %d.th regards to oenpression 
or tension as a function of the respective signs & magnitudes of 
u. For conductive films or substrates the stress effects may be 
obtained as a function of dimensions k resistivity p frem the 
resistance R 



R * pL 
WD 

with stress R changes %d.ll be 

d in R = d fn p d In L — d in W — d in D 

if the sanple is isotropic with the stress P applied 

dfnR = dlnp-fK 
d P d P 3 

Where K is the volime ocnpressibility ( - 3 In V/3P)j 

If th Jsstrate is bent such that its radius of curvature of bend- 
ing is constant along the direction L, the strain in that direction 
is & in the W direction - Ys 
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^ — 



"w 


- YS Si. 


DD 


1 - Ifp) 


Hie tracrtionul change in resistance can L« found for a given 
change in Lending stress longitudinal with the substrate 


' ' 1 “ Yp 

which is valid for the case where 'he substrate is bent in the 
direction to the current flow. 

Mhen streched (or bent) in a direction transverse to the current 
flow 


d en R = ( d In p ) ( -1) (1 - Yg) ( 1-2 Yp) " (1+ Yg " 2 Yp) 
d dP K (1 - Yp) 


In the particular case of solar cells nanufactured frcn 2 mil 
(50. Sum) thidc silicon, the substrate is hic^y deformed as received. 
This is undoubtedly due to the difference in mass of silver deposited 
on front and hack. The front of the cell is invariably bowed \jp in 
the center. The methods described above were investigated for quanti- 
fying the degree of stress. After r^ieated attenpts to detect changes 
in the conductivity with stress the electrical methods were abandoned. 
Our best guess is that the ductile electrical contact material flowed 
sufficiently on a microsoopic level to relieve most of the strain. 

On a routine basis the degree of stress was estimated using a modified 
Ames gauge and equation (2) above. Pictured below is the apparatus. 


Vernier 
Calibrated 
Rack & Pinion 



An initial zero was set with the dial indicator on the wafer or sur 
face plate and then ag^un on the top of the deformed wafer. Thn 
difference in vernier readings would be the defonnaticn, h. Thic 
quantity is related to the radius of curvattue. 

Deformation could a. 3o be measured with a light section microscope 
for very anwll (lOum' def lections. The trend we saw was a decrease 
in h with the aidrt'nn t.f coatings up to a point. Tabulated belcw 
is the measuured h ana t, film thicknras, veirsus a typical coating 


seLfuunee. 


SAMPLE 

h 

t 

MATERIAL 

TEM>. CYCLE 

As received 

0.0152" 

0 

— 

— 

1st 

0.0147 

600 a 

Ta2^5 

300*^, 5 minutes 

2nd 

0.0131 

500S 

75Ta2C>525Si02 

300QC, 5 minutes 

3rd 

0.003 

15ijm 

GR908 

230°C, 1 hour 


The 3rd cxtatinq, GR908, was actually deposited four times with a 
dryinq stop between each coat. If the entire 15um was deposited 
at one time the stress in the film was too high and cracks appeared. 

A nunber of experiments with one, two, three, etc. coats of GR908 
showed that the ciiange in h tended to decrease after two or three 
coats. This indicates that the effect is not sirply one of mass 
addition to the front surface. 

Experiments on sinply eiqposing a bare cell to similar tenperature 
cycles (above) showed no permanent change in h. Apparently the 
effect is not due to cinnealing either the silicon or the metalli- 
zation. 

An interesting effect was noticed during the theLiial shock testing 
in v^ich imnersinq a thin cell in liquid nitrogen would reverse the 
curvature. That is, the deflection would go to convex from concave. 
This occurs whether the cell is lii it i-ref lection coated or not. The 
metal-covered back surface obviously contra'. 3 nuch faster than the 
silicon. It is not clear why the cells ret.-^ n this 'set' and no 
change in the gross electrical properties of short- -jxcuit current 
ary^ open-circuit voltage could be ascribed to this change in oon- 
‘.iguration 

Multiple thin coats of material minimize trapped solvent and intrinsic 
stress. 

UhifoCTiity 

Of great concern during this work was the question of uniformity: 
could these non-vacuun techniques yield reproducible optical films? 

The answer seems to b#» naybe. Figure 9 exhibits the results cf 
d^xisiting glciss substrates eight times on two separ . 'e 

days with two independent batches of liquid at a five percent solios 
level. The curves are of optical transnussion versus wave length. 
Tests such as these, less than six percent variation in optical 
thickness, yield 'confidence that the materials and methods are indeel 
reproducible. 

When multiple coats art; involved, sane care must be used in metiiod of 
deposition. It is possible to spray coat these optical films, but 
reproducibility is suspect, sinply because of spray uniformity, uncali- 
brated coating weight, eind solvent evaporation. We have found that if 
it is necessary or desirable to spray coat cells it is best done with 
multiple passes and dilute solutions. This allows for measurement 
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Filter: Ta205 - 5% 300' 
Ta205 Si02 9.*1 
GR908 5% - 230' 
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betMeen ooats and the possibility for adjustment. It also increases 
the time required for any set of coatings. For non-critical heavy 
coatings such as the Gleiss Resin, ^praying is ideal. OcnfXJter simula- 
tion has shcMn that in a three-layer filter the thickness of the 
second and third layers is much less critical than the first. An 
error of loa in physical thickness merely shifts the position of the 
minimun reflectance hv one or two percent. 


I»todules of two by three interconnected cells (2mil thick) >»ere fur- 
nished to us for coating. Sane modules were sinply interconnected, 
others had been bonded to a flexible Kapton substrate. In general 
this configuration would cause no difficulty in coating. In practice, 
however, the thin cells retained their defonretion after bonding and 
the K£^Jton was not flat. Most of the modules were grayed rather 
than spun. 

Kapton sprayed with Glciss Resin coatings and exposed to tenperatures 
as high as 250*^ for one to three hours showed no degradation in 
flexibility or other gross physical properties. As near cis we could 
tell, no cell delamination occurred during curing. 

The only serious problem encountered with coating the modules was one 
of silicone contamination on the sxirface. Sometimes the GE silicone 
bonding agent would creep over the cell edges. Gleuss Resin will not 
bond or coat over silicone. 
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^klterial8 II 

In this section is described atten^ts to d^X3sit OdO and fran metallo- 
organic solutions onto silicon siisstrates, ocnvert to Od Zn/S and obtain 
essentially single crystal material by a controlled vdthdrafwal method. 

CdO and ZnO are easily deposited and developed on glass substrates by spray< 
ing liquid organcmetallic solutions eund subsequent pyrolysis. One firm 
narkets thick film inks which develop CdO. Anot^vex coRpeury has inks which 
deposit thick CdS films. Dr. Hanlet had demonstrated in earlier work that 
CdS crystals oould be grown in relatively large size on substrates >* The 
oxides can be reduced to CdS or ZnS by heating in sulfur atmosphere at 
low tenperatures. The reaction proceeds easily but slowly to yield 100% 
sulfide. 


Every attenpt nede to deposit CdO or ZnO on silicon in uniform, thin 
layers was unsuccessful. The films would appear to be uniform in the liquid 
state and also after drying. Upon examination microscopically the fired films 
vere very poorly adhered: Abrasion with a soft paper tissue would remove them. 

Many combinations of time, tenperature, surface treatment cind thickness were 
attempted. The films acted as though they contracted away from the silicon. 
TVo different cyrstallographic orientations of silicon, polished and unlapped, 
were tested with negative results. 

Conversion of CdO into CdS was attempted with glass substrates amd silicon. 

The films on glass were moderately smooth and adtiexent. The films on silicon 
fell off. It is possible that the thermal expansion coefficient of CdO and 
ZnO are sufficiently greater than that of silicon that no thermally stable 
film can be achieved at these relatively large thicknesses (lum to Bum) . 
Because of these difficulties the esperiment was cibandoned. 


1. J. M. Hanlet Facsimile Scanner Finad Rsport. Navy D^. Electronic Division 
hterch 1971, contract N00039-68-C-0557 . 
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Testing 


In e»dditic 3 n to the usual quality checks, this contract required a substantial 
amount of envirormcntal testing. These tests viere designed to a) stress the 
coatings severely to determine their integrity and b) investigate the degree 
of protection offered to silicon solar cells. Cells v#ere tested with a single 
coating and multilayers. Wafers of various thicknesses and a variety of 
coatings were measured raneasured. Seme cells feuled. Sene cells were 
incorrectly ooated and tested. Some results are suspicious because of in- 
stnmental aberrations. Par cleurity emd ease of interpretation this section 
is a sumeLry of the test results. E^canples of the results will be exhibited 
for typical cells auid vgafers. 


Optical Transmission 

Optical tTcinanission of these coatings was measured on a glass witnesspieoe 
whic^ received identical ooatings to the silicon cells. The measurements 
were made on a dual bean Becknan spectrophotoneter model DKl or DK2. In 
all cases internal transmission was greater than 95%. Internal treinamission 
measures the losses in a ooatiS^ substrate against or subtracted by the sub- 
strate properties and after oorrecting for reflection. Figure 11 is an 
exanple of the raw transmission data. Note two things about these data: 

(1) oorrectiiig for the base line variation shows an absolute transmission 
vrtucii varys fron 94% to 97% over the range 400m to 1300m and 

(2) the reguleu: peaks and vall^s in the tremsmission are due to interference 
in the film. Fran the positions of these peaks one can deduce the total 
film thickness. These data are in-valuable as a check on physical thick- 
ness measurenents. 

All sanples measured had excellent optical trananission. This is to be expected 
in such thin films. The only cause of lower transmission would be scattering 
in the film itself caused by dust or dirt or cracks, etc. 

WarpageA^istortion 

As mentioned in the text, a mechanical measurement of r£Kiiu3 of curvature can 
be used to judge stress in the coiposite film and substrate. Shown below is 
one of a series 'f measurements. Note that the absolute change in h is pro- 


COATING 

TKICKNESS* 

CURE 

h 

1. - 

0 


0.0171” 

GR908 

5.2um 

230*^-30 min 

0.0128 

- 

0 

— 

0.0170 

2.GR908 

lO.Oum 

23(y^-60 min 

0.010 

3. - 

0 

— 

0.0174" 

GR908 

17.3um 

230PC-90 min 

0.0094" 


♦Single deposition. 

portional to the thickness (mass) applied, but that the change between lOm 
cind 17.3um is much less than that between Sum and lOum. It is entirely 
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possible that measuremertts such as these are meaningless due to a different 
intrinsic stress in the films as a function of thickness. 

CXir conclusions were that the thin films applied to silicon did not stress 
or deform the silicon and in fact served to relieve the deformation due to 
the metallization. 

Flexibility 

Flexibility w^ls measured qualitatively by bending the 2 centimeter square cells 
or wafers or an eight inch radius wheel. Schematically, the cells were bent 



(plastic) 

both with the coating fcicing the wheel and facing away. Hie orientation was 
such that the substrate edge was parallel to the cixis of rotation of the wheel. 
As mentioned above, crexrking was observed visually in two c^lses: 

a) Coatings above a certain thickness, no matter how applied and 

b) above a certain thickness when applied in one deposition. 

The cracks were generated where the film was deposited over the metallization. 


The limits for Gleiss Resin Materials are shown in Table V. 

TABLE V 

FIIM THICKNESS 

AT WHICH FIIM THICKNESS AT WHICH 

RESIN 50%SAMPUS CRACKED MULTIPI£ THIN FIIMS CRACKED 


TYPE 650/65QH 6um Sum 

GRIOO 14um 16um 


TYPE 908 


30um 


35gm 
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Ihermal Shock 

Ooated cells were subjected to two rates of thexmal shock. In one case 
the cells were placed on an alunimjn block in a fast response oven. 

The oven was cycled repeatedly fron -184^ to + 10(PC. The oven approaches 
a (set) tenperature at the rate of over 100°C per second. In this very 
reproducible cycle no failures were observed on an^ cells which had nultiple 
Glass Resin coatings below the thicknesses given above. 

A second test consisted of holding coated cells by tweezers 2 md ijimersing then 
under the surface of liquid nitrogen. After thirty seconds the cells were 
r amoved. After another thirty seconds they were reiimersed for a total of 
fifteer. or note times. No failures occurred as observed by visual examination 
and electrical measurements after himidity exposure. Ihe above statement is 
only true for coatings at or below the value mentioned in the first oolunn 
of Table V. 

Water/Hunidity Testin g 

Visual observations for cracks or delaminaticxi in coatings are coarse aod 
non-qualitative. A test for degradation of ooated silicon solar cells should 
include power measurements as the expected effect of humidity emd water incur^ 
sion is to degraide optical transmissicvi or increase leakage resistance. In 
the absence of an optical simulator, an inexpensive GE projection lanp and a 
'standard* cell allows the measurement of open circuit voltage and short circuit 
voltage cind short circuit current in a reasonably reproducible fashion. The 
technique is as follows: A C£ type H projection lanp bulb is connected to 110 

VAC throu<^ a variable transformer. A standard cell fio^n NASA or ccranercial 
sources* is placed cxi a copper measuring plate. Under illumination the short 
circuit current is measured cind the li^t intensity adjusted until the known 
value under air mass 0 or air mass 1 is achieved. Cells of unkncwn character- 
istics are then measured under similar conditions and corpared to the parameters 
of the standard cell.** This technique yields results which cure reliable guides 
to the inprovonent or lack thereof due to a particular coating or treatment. 

Cells have been measured using the above techrtique after three types of treatment: 
imnersicxi in boiling water, exposure to 90% relative hunidity, and during and 
after exposure to uv radiation under hunid conditions. Suffice it to say that 
the results of water and hunidity testing have shown no problem with properly 
applied coatings. This does not mecm that failures, i.e., reduced power output 
after envirormental exposure have not occurred. It says that these films under 
discussion can provide a limited amount of envirormental protection with their 
thickness. Table VI shows seme results of measuring ooated cells before and 
after boiling water exposure. 

*A ' standard cell' is one vhose li<^t I-V carve has been obtained at a known 
tenperature in apparatus vhose crharacteristica are treuaable cind acceptable 
by NASA/NBS standards. 

**The author expresses his gratitude to Mr. Jim Avery of Sol^u^ Technology for 
aesquainting him with this ic3ea and methcxl. Mr. Jack Bioder of NASA-Lewis 
Research Center cleverly suggested that with proper design one cxxild incor- 
porate the standard cell into a self-c»rrec:ting circait which yielcis calibrated 
values no natter what the tenperature crillunina t ion level. The author thanks 
Mr. Broder. 
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TAfiI£ VI . Short circuit current and open circuit voltage before and after 
30 minutes in boiling water. Coating is TajOjAa^O^’SiOj/GROOB 
(4 coats) . Coating thickness is IS^m ± cell thickness 12 


SAMPI£ NO. 

Isc 

Before 

Voc 

T (®C) 

Isc 

After 

Voc 

T(“C) 

1 

420 ma 

570 rav 

31 

520 ma 

570 niv 

31 

3 

440 

570 

33 

540 

563 

32 

8 

580 

574 

30 

570 

573 

30 

9 

590 

571 

30 

520 

570 

30 

18 

580 

573 

26 

580 

591 

26 

23 

580 

570 

30 

530 

575 

30 


Uniformity /Reproducability 

Nine cells (2 mil thick) were coated in one lot with TazOs, TazOs-SiOz and GR908 
(4 ccats) . All cells were meeisuxed before coating with the sinulator and 
measured Isc=100 na + 5 ma auid Voc=540ntv + 5riv at 27 ®C. Table VII is the 
result of the mecisurenient after coating. 


TABLE VII. Uniformity of coating nine cells in one lot. Coating thickness 
is 20gm 2vm. 


SAMPI£ NO. 

Isc (ma) 

Voc (inv) 

T (®C) 

27 

118 

541 

26 

28 

125 

547 

26 

29 

130 

541 

27 

30 

125 

536 

27.5 

31 

120 

534 

27.5 

32 

120 

542 

27 

33 

130 

543 

27 

34 

110 

523 

28 

35 

no 

533 

28 
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uv exposure 

Cells were placed in a Weatheraneter and exposed to 1.5 suns equivalent 
ultraviolet exposure. Sane cells failed early, nost survived with sane 
degradation in output. Table VIII suninarizes the results. 


TABLE 

VIII. Weatheraneter testing. 430 
(uv) eind 83°F. 

hrs. at 1. 

5 equivalent suns 


Cell No. Coating 

Total 

Thickness 

Result 


4 

Single layer Ti02 plus GR908 

18^ 

Isc decreased 57% in 4320 hrs. 
Voc decreased 5% in 4300 hrs. 

8 

Ta20b, Ta20s*Si02, GR908 

20vjm 

No change in Isc, Voc in 4320 
hrs. 

9 

Single layer Ta20s plus GR908 

14^ 

No change in 4320 

hours. 

15 

Ti02, Ti0s‘Si02 GRIOO 

15vim 

Direct short after 100 hrs. 

16 

Same as 15 

15pm 

Isc decreased 10% 
Voc decreased 3% 

in 4320 hrs. 
in 4320 hrs. 

17* 

Ta20s; Ta205*Si02, GR908 

28um 

Isc decreased 12% 
Voc decreased 1% 

in 4320 hrs. 
in 4320 hrs. 

21* 

Same as 17 

28 

Isc decreased 20% 
Voc decreased 1% 

in 4320 hrs. 
in 4320 hrs. 

25 

Same as 17 

24 

Isc decreased 10% 
No change in Voc 

in 4320 hrs. 

92A 

Uncoated ccnmercial cell 


Grid lifted in 48 

hours. 


♦Note; cxDating started to lift off @ 96 hours; pinholes 
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DISCUSSION OF RESULTS 


Itie results presented above clearly demonstrate that non-vacuim deposition 
ineUais eure applicalbe to film generation on silicon sol^u: cells and modules. 
Thin, uniform coatings with reproducible optical properties are easily gener- 
ated. In cannon with vacuun techniques, uniformity of coating will be more 
difficult as the size increases. In principle, however, the techniques of 
dipping and spraying cure appliccible to nearly any size. D\is is one of the 
three real advcintagcs of using liquids for deposition. 

Another prime advantage of liquids is the ability to form solutions between 
end members with much different valxies of a particular physical property. 

The sample in the text is that of refractive index, but other properties may 
be of interest. Ihere is the possibility of optical filters, narrow band or 
cut-off type. Fluorescent dyes may be easily incorporated into these aloohol- 
based systans. Conductive, transparent films integrated into the optical 
filter ?jre also possible. 

Ihe third potential advantage of the work described above lies in the possibil- 
ity of achieving light-weight hermet-'c covers with the use of Glass Resins. 

These hopes cue sanewhat dashed by the preliminary findings cibove. Glass Resin 
films are not hermetic. 

Recently it became c±vious that the carefully worked-out procedures for wafers 
do not yield the same results on cells. First of all, the metallizaticxi causes 
non-uniform deposition whether it be spun, dipped, or sprayed. Although the grid 
lines are very thin, they are projec Lions which the liquid finds convenient to 
hang onto. Even the very fluid solutions a^^iarently have sufficient surface 
tension to build up several angstroms thicker around the lines than between them. 
This is most apparent in the Ta20s layer vhere color variations cure easily seen. 
Secondly, the standard coating procedure calls for the silicon to be given a mild 
H F etch (3% H F acid by bolime, 30 seconds) imnediately before coating. When 
the 2 mil cells are metallized seme mmber of them, rou^ily forty percent, will 
lose the grid lines. Hie metal is not well-adhered and floats free. If the 
front surface is clean cmd free from silicone contaminants it is still possible 
to obtain good even coatings without the acid wash, however^ there is seme un- 
known amount of thermal SiOz present on the cell surface. Hie liquid-d^xjsited 
Ta 2 0s will either a) interdiffuse with the Si02 and yield a smaller them ex- 
pected refractive index or b) the stnxrture will be Si*Si02 *Ta205 rather than 
Si*Ta20s and thus cause a less-effective optical matching. 

Hie discussion of cost and production of these films were judged to be inapprop- 
riate in this report. 



r 
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REXJQM^END/VI’IONS AND CXJNCLUSIONS 


TTiin films of Ta^O , Ta20s*Si02 and Glass Resin deposited on silicon fran 
liquid solutions in the proper sequence and thickness can provide both 
cintiref lection properties and environmental protection. The coatings can 
be applied by dipping, spinning or spraying silicon cells or inberooruiectew. 
arrays. Total thicknesses of 30Mm or less can be achieved by multiple 
depositions. 

Hie extent to which the films protect silicon cells is not yet clear: the 
electrical properties of coated cells chcinged after 4300 hours at 83 
and under an illumination equivalent to 1.5 suns. More besting of the 
Glass Resin films fired at different times cind tenperatures is required. 

Ihe integration of a highly ocaiductive, transparent film into an optical 
filter should be investigated. In view of the low mass of these films, 
the systan should be evaluated and considered for use in space cunrays. 



